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Vi è solo un mezzo per far progredir la scienza: dar torto alla scienza già 
costituita. 
 
(Gaston Bachelard) 
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ABSTRACT 
All living organisms are constantly exposed to physical and chemical sources 
that challenge the integrity of the genome. Considering the high number of 
chemical and physical insults potentially deleterious to which cells are 
constantly exposed, the maintenance of genome stability is for all living 
organisms a main challenge during the cellular life cycle. The ability to cope 
with DNA damage is crucial for cellular proliferation and, in higher 
eukaryotes, the loss of function of genes responding to DNA damage often 
results in genetic syndromes and cancer predisposition. Recognition of DNA 
damaged structures and their accurate repair are two crucial events that involve 
several factors and multiple specialized pathways. These events are finely 
orchestrated by the cell cycle checkpoints aimed to sense DNA damage, arrest 
cellular proliferation and activate the most accurate repair pathway.   
At DNA double strand breaks (DBS, the most cytotoxic lesions), homology-
directed repair initiates with the 5’ strand nucleolitic degradation of the broken 
end, a process called resection. In all the eukaryotes, resection is tightly 
regulated and, not surprisingly, mutations in resection machinery genes are 
associated with high genome instability and therefore cancer predisposition. 
In the past we proposed that the Rad9 checkpoint factor, through the 
interaction with modified histones physically inhibits the ssDNA 
accumulation at DSB. Importantly, this function is conserved with the 
mammalian counterpart 53BP1. 
In this thesis, using budding yeast as model system, I have been involved in 
three projects focusing on the role of Rad9 in DSB repair pathway choice and 
how the chromatin positioning of this factor is dynamically regulated in 
response to these lesions.  
Abstract 
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In a first part, I collaborated in the comprehension of Rad9 genetic and 
functional interactions with different repair factors during DSB metabolism. 
In brief, we found that Rad9 positioning around DSB ends are important for 
tethering of DSB ends, resection start and, most importantly, recruitment of 
recombination factors. Our findings provided a molecular explanation how 
Rad9 inhibition facilitates Homologous Recombination (HR), preventing the 
Non Homologous End Joining repair (NHEJ). 
Later, I studied the role of the Slx4-Rtt107 complex in modulating checkpoint 
signaling and nucleolitic processing during homology-directed repair of 
DSBs. Using different genetics and biochemical approaches, I described a 
novel Slx4 function in supporting DSB resection through the inhibition of the 
formation of a complex between Rad9 and the checkpoint factor Dpb11 
(TOPBP1 in mammals). In mammals, biallelic mutations in SLX4 are 
associated with the Fanconi Anemia, a genetic disorder associated with defects 
in DNA repair and high cancer risk. Considering this, our results may be 
important for understanding how Slx4 protects genome stability and favors 
cellular proliferation in human beings. 
In the last part, I have been involved in an international collaboration with Dr. 
Marcus B. Smolka (Cornell University, Ithaca, NY, USA). Here I studied the 
role of Dpb11 in coordinating the recruitment of Rad9 during the resection 
process. We found that a constitutive interaction between Dpb11 and Rad9 
severely abrogates ssDNA accumulation in cells responding to DSB lesions, 
suggesting that this interaction is a crucial point of regulation regarding this 
process. In human cells, SLX4 shares functional homology with BRCA1, 
whose interaction with TOPBP1 is mutually exclusive with TOPBP1-53BP1. 
Our results suggest that TOPBP1, through the coordinated recruitment of pro- 
and anti-recombination factor, is an essential regulator of DNA repair and 
genome stability. 
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STATE OF THE ART 
 
The DNA damage and genome integrity maintenance 
 
In all living organisms, the integrity of the genetic material is constantly 
threatened by various endogenous and exogenous sources. The aqueous 
nucleoplasmic environment makes DNA double helix susceptible to 
spontaneous hydrolysis of the phosphodiester bonds between bases in the 
DNA backbone. Cellular metabolism often releases free reactive oxidant 
species that produce highly mutagenic alterations in the DNA double helix 
such as 8-oxo-dG and others (Lindahl, 1993; Marnett, 2000). Non-enzymatic 
methylation of DNA bases is also detrimental as alters replication, 
transcription and chromatin conformation. 
Misincorporation of dNTPs or rNTPs during DNA replication is another 
important source of genome instability as mismatches are inherited by 
daughter cells after chromosome segregation altering gene function in the 
progeny (Cerritelli & Crouch, 2016). 
Exogenous chemical and physical agents such as Ionizing Radiations (IR) or 
Ultra Violet rays (UV) severely alter DNA structure, also generating breaks 
inside the backbone (Lindahl & Wood, 1999). In response to that, cell activate 
various pathways that modify these substrates and make them accessible to 
specific repair factors. The enzymatic activity of these factors is per sé 
potentially detrimental as during the repair of DNA lesions instable 
intermediates, such as ssDNA stretches, are exposed. It is important to note 
that many of the chemotherapy compounds used to treat solid tumors 
(cisplatin, mytomicin C, camptothecin, etoposide and others…) cause various 
type of DNA lesions and their efficacy depends on the inability of many cancer 
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cells to properly sense and repair DNA damage (Pommier et al., 2010; 
Samadder et al., 2016; Schärer, 2005).  
 
The DNA double strand break repair pathways 
Among the others, DNA double strand breaks (DSBs) are certainly the most 
cytotoxic lesions and even a single DSB may cause cellular death. In higher 
eukaryotes, DSBs are a frequent source of translocations and genomic 
rearrangements, typical hallmarks of the karyotype of cancerous cells. 
For this reason, all the cells evolved specialized pathways to quickly and 
faithfully repair these lesions for a correct maintenance of genome integrity. 
Two main distinct DSB repair pathways exist and they are strongly conserved 
throughout the evolution: Non Homologous End Joining (NHEJ) and 
Homologous Recombination (HR) (see Figure 1) (Heyer et al., 2010; 
Symington & Gautier, 2011). These two repair mechanisms are in a dynamic 
competition depending upon temporary and spatially causes. It is interesting 
to note that the general mechanisms that control this balancing as well as the 
factors involved in these processes are highly conserved. This may suggest 
that a correct combination of NHEJ and HR events is crucial for protection of 
genome stability and cellular lifespan in all the eukaryotes.  
Homologous sequences present on the sister chromatid are likely preferred 
during HR and therefore, by definition, this error free repair pathway is 
restricted to S/G2 phases of the cell cycle. Indeed, the use of other templates 
during HR may lead to loss of heterozygosity, imprecise recombination events 
and would require longer time to complete the repair process.  
By contrast, the fast religation of broken ends makes the NHEJ a quick and 
easy process to repair DSB lesions and for this reason, higher eukaryotes 
prefer the NHEJ mode of repair. As very often DSB ends are not an immediate 
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substrate for a ligation reaction, NHEJ core complex modifies DSB ends 
introducing short insertions and deletions. The wide presence of non-coding 
regions as well as repeated sequences allows higher eukaryotes to tolerate 
point mutations arising by the action of this fast repair process. 
 
 
 
 
 
Figure 1: A cartoon showing the various DSB repair pathways and the 
competition between NHEJ and HR (Heyer et al., 2010). 
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Non Homologous End Joining (NHEJ) 
 
As discussed in the above paragraph, NHEJ is a major pathway to repair DSB 
lesions especially in higher eukaryotes and, as its name says, does not utilize 
any homologous template. NHEJ is often used also in lower eukaryotes like 
budding yeast, and its employment is favored in the G1 phase of the cell cycle, 
when HR is prevented (Daley et al., 2005). 
Broken ends are recognized and avidly bound by the Ku70-Ku80 heterodimer 
(Davis et al., 2013; Pierce et al., 2001). This not only favors the NHEJ mode 
of repair, through the recruitment of DNA ligase IV, Lif1 and Nej1, but also 
has been proposed to protect DSB ends from extensive degradation and 
unwanted recombination events (Bernstein et al., 2013; Daley et al., 2005; 
Davis et al., 2013).  
Short processing that happens in the absence of “clean ends” often causes 
deleterious mutations and loss of genomic information. In mammals, the 
nuclease ARTEMIS is part of the NHEJ core complex, while in budding yeast 
different nucleolytic enzymes modify broken ends to make them compatible 
for the ligation reaction (Daley et al., 2005; Davis et al., 2013). 
In mammals, the core complex has the DNA-PKcs (DNA-protein kinase, 
catalytic subunit) as additional component. DNA-PKcs is a serine/threonine 
kinase of the family of the phosphatidylinositol 3-kinase-related kinase (the 
same family of Mec1/ATR and Tel1/ATM kinases).  Artificial inhibition of 
DNA-PKcs prevents NHEJ repair and sensitizes cells to various DSB inducing 
agents (Ciszewski et al., 2014; Kim et al., 2002). For this reason, specific 
DNA-PKcs inhibitors have been recently developed in cancer research 
(Davidson et al., 2013; Ma et al., 2015). Indeed, tumor cells carrying mutations 
in HR genes (e.g. BRCA1/2) would be specifically targeted treating tumors 
 State of the Art
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with DNA-PKcs inhibitor as these cancerous cells rely only on NHEJ pathway 
for DSB repair.  
DNA-PKcs is downregulated in various type of cancers suggesting that its 
activity is indeed required for DSB repair and tumor suppression (Goodwin & 
Knudsen, 2014). By contrast, there are  conflicting evidences that in other 
tumors DNA-PKcs, and other NHEJ genes, are upregulated, suggesting the 
possibility that malignant cells, with the error prone NHEJ repair pathway, 
acquire an advantage for their growth progression (Beskow et al., 2009).  
In vertebrates, NHEJ is also involved in the repair of programmed DSB 
created during variable (diversity) joining [V (D) J] recombination and class 
switch recombination (CSR). Downregulation of NHEJ pathway alters the 
outcome of immune system development and germline mutations in NHEJ 
core genes predispose to severe pathologies associated with 
immunodeficiency (Bassing et al., 2002; Malu et al., 2012). 
 
 
Homologous Recombination (HR) 
 
Besides its well-characterized function in DSB repair, HR is essential also 
during the meiotic genetic diversification process and for replication restart 
after fork collapse. In the mitotic cell cycle, HR takes advantage of the 
homologous sequence present on the sister chromatid to avoid loss of 
heterozygosity and homeologous events (recombination between sequences 
with imprecise homology) and therefore is restricted to the S/G2 phases of the 
cell cycle. The discovery that CDK1, the master cell cycle kinase, targets many 
of the factors involved in the HR pathway explains at the molecular level why 
HR is not happening in G1 (Chen et al., 2012; Huertas et al., 2008; Ira et al., 
2004; Sartori et al., 2007). 
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From a molecular point of view, HR is a multistep process involving multiple 
factors with specialized enzymatic activities. One of the processes taking place 
in all the HR sub pathways is the search for homology and the pairing between 
two single stranded DNA sequences. At DSB, ssDNA sequences are exposed 
after a coordinated process called DSB resection. The aim of resection is to 
generate a 3’ protruding filaments competent for the homology search and 
strand invasion processes. 
Resection is essential for HR outcome and genome stability maintenance and 
not surprisingly many of the players involved in DSB resection are conserved 
from yeast to humans (Symington & Gautier, 2011). In yeast, depletion of 
resection genes dramatically increases sensitivity to genotoxic compounds and 
genomic rearrangements formation. In mammals, germline mutations in same 
genes predispose to genetic syndromes often associated with high cancer 
incidence. 
Nevertheless, how resection is regulated and what is the minimal region for 
the strand invasion process is not yet clear. 
 
DSB resection and recombinogenic filament formation 
 DSB ends are dangerous substrates prone to formation of rearrangements and 
fusions between distal regions. Together with the Ku core complex, broken 
ends are recognized and protected by the heterotrimeric yeast MRX (MRN in 
mammals) complex formed by Mre11/MRE11- Rad50/RAD50-Xrs2/NBS1 
and the accessory protein Sae2 (CtIP in mammals).  
As described in the previous paragraph, DSB lesions occurring after 
replication are channeled into HR by the action of the MRX complex that starts 
resection removing 5’ oligonucleotides from broken ends (see Figure 1). The 
nucleolytic activity of the Mre11 subunit is essential to process ‘dirty’ ends 
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and to remove DNA secondary structures that may potentially generate 
tandem duplication (Deng et al., 2015).  
An important point of regulation for Mre11 functioning is the phosphorylation 
of Sae2/CtIP on conserved residues by the CDK1 kinase (Huertas et al., 2008; 
Sartori et al., 2007). The phosphorylation of Sae2 is believed to be the 
molecular event that switches the repair from NHEJ to HR, activating the 
MRX complex and starting the resection (Huertas et al., 2008; Sartori et al., 
2007). Sae2 phosphorylation is a ‘point of no return’ because once the MRX 
complex is active, the NHEJ is prevented and HR will take place.  
After MRX shortly trims DSB ends, other nucleases extend the single stranded 
region in 5’-3’ direction, the opposite polarity respect to that of Mre11 
nuclease (Cannavo & Cejka, 2014; Garcia et al., 2011; Llorente & Symington, 
2004) (see Figure 2). This bidirectional model for the resection initiation has 
been initially demonstrated during meiotic DSB repair and later proposed also 
during the mitotic recombination in yeast and humans (Ferrari et al., 2015; 
Garcia et al., 2011; Shibata et al., 2014).   
ssDNA accumulation depends by the coordinated activity of the nucleases 
Exo1 and Dna2 and the helicase Sgs1 which likely unwinds DNA strands 
providing the substrate for Dna2 flap endonuclease activity (Mimitou & 
Symington, 2008; Zhu et al., 2008). These pathways act redundantly, as only 
the simultaneous depletion of Exo1 and Dna2/Sgs1 results in a complete loss 
of extensive resection (Ferrari et al., 2015; Mimitou & Symington, 2008; Zhu 
et al., 2008). Moreover, many other enzymes participate in the resection 
process including kinases, chromatin remodelers and others. 
As discussed previously, the aim of DSB processing is to generate the ssDNA 
stretch essential for the homology search and pairing. Before that, once 
ssDNA is exposed the filament is immediately stabilized by the single 
stranded binding protein complex RPA as defects in its loading result in the 
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formation of deleterious secondary structure and nucleolytic degradation of 
ssDNA (Chen et al., 2013; Deng et al., 2015). Besides that, ssDNA regions 
covered by RPA recruit Mec1, the apical kinase of the DNA damage 
checkpoint (ATR in mammals), and therefore this step is essential to 
coordinate DSB repair with checkpoint activation (discussed later). 
Extensive and uncontrolled resection might be a detrimental event in cells 
responding to DSB lesions. Recent studies in human cell lines proposed novel 
mechanisms of regulation of resection. This year, Tkác and colleagues 
discovered that HELB, a DNA helicase, is a feedback inhibitor of EXO1 and 
DNA2 and its inactivation may cause resistance to genotoxic drugs such as 
PARP inhibitor, a chemical compound that causes DSB during DNA 
replication (Tkáč et al., 2016). Another group last year described for the first 
time the Translesion Synthesis Polymerase REV7 as a novel player in the 
resection process (Xu et al., 2015). In brief, as resection proceeds, REV7 
favors the NHEJ mode of repair synthetizing DNA in the opposite direction 
of the nucleolytic processing. 
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Figure 2: A model for DSB resection initiation in mammalian cells (Chapman 
et al., 2012). 
 
 
As resection is ongoing, the Rad51 recombinase is exchanged with RPA, 
covering the ssDNA tail and constituting a recombinogenic competent 
filament for the strand invasion process. Rad52 is essential for Rad51 loading, 
HR and strand annealing between homologies in budding yeast (Shinohara et 
al., 1998; Sugiyama et al., 1998). In vertebrates, Rad52 shares structural 
homology with RAD52 although its inactivation, surprisingly, does not give 
strong phenotypes in terms of DNA repair (Yamaguchi-iwai et al., 1998). 
BRCA2 interacts with RAD51 and RPA and is essential for DNA repair, 
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recombination and tumor suppression and now is considered as a bona fide 
functional homolog of yeast Rad52, even if does not share any ssDNA strand 
annealing activity in vitro (Liu et al., 2010; Liu & Heyer, 2011).   
After Rad51 nucleofilament formation, the broken ends invade the 
homologous sequence. The pairing of the broken end with the homologous 
template creates the displacement-loop (D-loop) and the invading 3’ terminus 
serves as substrate for DNA synthesis priming. The capture of second end of 
the DSB will create a double Holliday Junction (dHJ) structure. These 
intermediates are processed by several enzymes and may generate different 
product outcomes. The dissolvasome complex (Sgs1-Top3-Rmi1, BLM-
TOPIIIα-RMI1 in mammals) has a prominent role in the repair of dHJ and its 
activity gives rise only to non-crossover products and normally occurs during 
DNA replication. Joint molecules, indeed, form frequently during replication 
restart and Template switching when either one of the parental strands is 
damaged or modified and thus cannot be copied by replicative polymerases. 
A small percentage of joint molecules persist till late S, G2 and mitosis stages 
and are later resolved by structure specific endonucleases (reviewed in Wild 
& Matos, 2016) (see Figure 3). Resolution is achieved through the redundant 
activity of the endonucleases Mus81-Mms4, Yen1 and to a minor extent Rad1-
Rad10 (Mazón et al., 2012; Mazón & Symington, 2013) (Figure 3). The 
activity of resolvases gives rise in the 50 % of the products to crossover 
outcomes and therefore is considered detrimental during mitotic 
recombination but essential for genetic diversification during meiotic 
recombination.  
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Figure 3: Temporal regulation of joint molecule processing throughout the 
cell cycle (Wild & Matos, 2016). 
 
Here I listed the two main HR sub-pathway, Synthesis Dependent Strand 
Annealing and Break Induced Replication, and an additional pathway, Single 
Strand Annealing, which does not require any strand invasion process (see 
also Figure 1): 
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Synthesis Dependent Strand Annealing (SDSA)  
Considering that the vast majority of DSB occurring during mitotic 
recombination do not give rise to crossover products, cells normally repair 
these lesions through the use of a specialized pathway that does not create 
double Holliday junctions, the Synthesis Dependent Strand Annealing 
(SDSA). According to this model, the 3’ invading strands, after a limited repair 
synthesis reaction, are displaced by various factors including Srs2 in yeast. 
After strand displacement, the newly synthetized complementary strands will 
anneal completing the repair after limited gap filling and ligation reactions. It 
is important to note that SDSA gives rise to non-crossover repair products only 
(Ira et al., 2003).   
 
Break Induced Replication (BIR) 
If only one of the broken ends shares homology with the donor template, after 
the invasion process, a conservative replicative bubble migrates from the 
invasion site towards the end of the chromosome (McEachern & Haber, 2006) 
(see Figure 1). BIR results in a loss of heterozygosity (LOH) between sister 
chromatids and it produces non-reciprocal translocations, when the donor 
template is used on another chromosome. 
 
Single Strand Annealing (SSA) 
SSA is a repair process that does not require any strand invasion process and 
therefore does not rely on the Rad51 recombinase (see Figure 1). This is the 
main pathway to repair DSB occurring between direct repeats. After resection 
exposes the 3’-ssDNA filaments, complementary single stranded repeats 
anneal facilitated by the Rad52 protein. Non-homologous sequences present 
between the repeats are removed after their annealing by the action of the 
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Rad1-Rad10 heterodimer (Flott et al., 2007; Ma et al., 2003; Toth et al., 2010). 
Its enzymatic activity requires the prior stimulation by Slx4 and the 
cooperation of the DNA binding protein Saw1 (Li et al., 2008, 2013; Toth et 
al., 2010). Slx4 functions and regulation will be detailed in dedicated 
paragraphs of this thesis. Both Slx4 and Saw1 are essential during flap removal 
as inactivation of these two genes impairs non-homologous tails cleavage, 
similarly to Rad1 and Rad10 (Flott et al., 2007; Li et al., 2013; Toth et al., 
2010). The phosphorylation by Mec1 of a cluster of SQ/TQ residues present 
in the C-terminal region of Slx4 is required to stimulate the nucleolytic activity 
of Rad1, without affecting its recruitment to SSA intermediates. However, 
how this modification alters Slx4 protein functionality is completely obscure 
(Toth et al., 2010). 
Conversely, Saw1 has a prominent role in Rad1-Rad10 recruitment underlying 
its essential role in the SSA mode of repair (Li et al., 2013). Completion of 
DSB repair trough SSA requires a final gap filling and ligation reaction. 
It is important to underline that SSA is highly mutagenic as it always results 
in loss of DNA sequence between the homologous sequences causing 
extensive deletions, translocation between dispersed genomic loci and 
contraction of tandem repeats. 
A detailed list of the factors involved in the homologous recombination 
processes and their mode of action can be found in the following review 
(Symington & Gautier, 2011; Symington, 2016). 
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The DNA Damage Checkpoint 
The cell cycle checkpoints allow the cell to integrate stimuli from the 
exogenous environment with the cellular physiological processes. Genome 
stability is safeguarded constantly and even a single unrepaired DSB lesion 
may cause loss of acentric fragments and genetic information during cellular 
division and ultimately cellular death (Lee et al., 1998; Sandell & Zakian, 
1993). The DNA Damage Checkpoint (DDC) controls chromosomal integrity 
and, in presence of lesions or alterations in the DNA structure, delays or arrests 
the cell cycle giving more time for the repair.  
DDC is organized as a hierarchical signal transduction cascade that is activated 
locally at the level of DNA lesions and spreads downstream involving and 
reprogramming almost all the cellular physiological processes.  
In budding yeast depletion of genes involved in DDC increases genome 
instability and sensitize cells to different genotoxic compounds whereas 
inactivation of the mammalian counterparts either predispose to severe genetic 
syndromes or to solid tumors (Broustas & Lieberman, 2014). This highlights 
the importance of this pathway for genome integrity protection and tumor 
suppression. 
Each cell cycle phase has its own checkpoint with the aim of maintaining 
genome integrity before progressing into the following stage. In G1, 
checkpoints score genome integrity before DNA replication, intra-S 
checkpoints monitor replication ongoing and ensure faithful copy of parental 
genomic material whereas G2/M checkpoints control that DNA lesions are not 
inherited by daughter cells during mitosis. In this thesis, I will focus describing 
how cells trigger checkpoint activation in response to DSB lesions during the 
G2/M phase. 
Our current knowledge of DSB-induced G2/M arrest derives from original 
studies in budding yeast. By using the HO-inducible system where a single 
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irreparable DSB is formed on the chromosome III of Saccharomyces 
cerevisiae (Lee et al., 1998; Moore, 1996), in the past it was observed that a 
single DSB is sufficient to trigger a strong DDC activation and a robust G2/M 
arrest (Pellicioli et al., 1999; Pellicioli et al., 2001). Further studies carried 
using this genetic system elucidated almost all the components that collaborate 
in the checkpoint response and were later found to be fully conserved in higher 
eukaryotes (Harrison & Haber, 2006) (see Figure 4).  
 
 
 
 
 
Figure 4: A table showing the main factors involved in DNA Damage 
Checkpoint signaling and their conservation throughout the evolution (adapted 
from Harrison & Haber, 2006). 
 
 
At DSB, the checkpoint is initiated with the recognition of broken ends by 
specific sensors (Grenon et al., 2001). The MRX complex (see above) not only 
recruits the nucleases involved in the resection process but also the apical 
Table 1  DNA damage checkpoint proteins 
  Budding yeast Fission yeast Human 
PIKK Mec1 Rad3 ATR 
PIKK Tel1 Tel1 ATM 
Adaptor Rad9 Crb2 53BP1, MDC1, BRCA1? 
Rfc1 homolog Rad24 Rad17 Rad17 
9-1-1 clamp Rad17 Rad9 Rad9 
  Mec3 Hus1 Hus1 
  Ddc1 Rad1 Rad1 
MRX complex Mre11 Mre11 Mre11 
  Rad50 Rad50 Rad50 
  Xrs2 Nbs1 Nbs1 
BRCT domain adaptor? Dpb11 Rad4/Cut5 TopBP1 
Signaling kinase Rad53 Cds1 Chk2 
Signaling kinase Chk1 Chk1 Chk1 
Polo kinase Cdc5 Plo1 Plk1 
Securin Pds1 Cut2 Securin 
Separase Esp1 Cut1 Separase 
APC-targeting subunit Cdc20 Slp1 p55CDC/CDC20 
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kinase Tel1 through a direct interaction with the subunit Xrs2 (Nakada & 
Matsumoto, 2003). Tel1 can phosphorylate the histone H2A on serine 129 in 
the regions surrounding DSB ends. This modification is strongly conserved 
with the mammalian histone variant H2AX and specifically marks DNA 
damage sites spreading for several kilobases around DSB (Iacovoni et al., 
2010; Lee et al., 2014; Shroff et al., 2004). 
Nevertheless, Tel1 has a prominent function in telomerase recruitment and 
telomere length homeostasis whereas its exact role during DSB response is 
still elusive since Tel1 depletion does not significantly sensitize cells to 
genotoxic treatments (Wellinger & Zakian, 2012).  
As resection proceeds and the RPA-covered ssDNA stretch is formed, 
checkpoint is fully activated (see Figure 5). At the junction between ssDNA 
and dsDNA, Rad24 in complex with RFC2-5 proteins load the PCNA-like 9-
1-1 heterotrimeric complex (Rad17-Ddc1-Mec3), a crucial component of the 
checkpoint cascade (Majka, Binz, Wold, & Burgers, 2006). 9-1-1 complex 
triggers DDC activation through the stimulation of the other apical kinase, 
Mec1.  
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Figure 5: a schematic model for DNA Damage Checkpoint activation in 
budding yeast and human cells (Novarina et al., 2011). 
 
 
Mec1/ATR is a member of the PIKK kinases family together with Tel1/ATM 
and in mammalian cells with DNA-PKcs. It is covalently bound to its binding 
partner Ddc2/ATRIP which recognizes RPA stretches and mediates the 
recruitment of Mec1 on resected DSB ends (Zou & Elledge, 2003). The mode 
of Mec1 kinase activation is a complicated network of positive feedback 
activation loops which involve different proteins. Once recruited through the 
Ddc2-RPA interaction, Mec1 interacts with and is stimulated by Ddc1, a 
subunit of the 9-1-1 complex through the interaction with its unstructured C-
terminal domain (Majka et al., 2006). How Ddc1 modifies the kinase activity 
of Mec1 is still unknown, but Ddc1 depletion completely abrogates Mec1 
signaling. More recently, 9-1-1 complex has been also observed to follow 
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resection acting as a clamp and increasing the processivity of nucleases (Ngo 
& Lydall, 2015). 
Mec1 full activation is latter sustained trough the recruitment of 
Dpb11/TOPBP1 achieved after the Mec1-depedent phosphorylation on Ddc1 
Threonine 602 (Puddu et al., 2008). After Dpb11 binds Ddc1, it interacts with 
Mec1 in a positive feedback loop to further stimulate its kinase activity 
(Mordes et al., 2008; Navadgi-patil & Burgers, 2011; Puddu et al., 2008) (see 
Figure 5). 
A recent report discovered that the nuclease/helicase Dna2 also physically 
stimulates Mec1 during replicative stress through an unstructured C-terminal 
domain similar to the one shared also by Ddc1 and Dpb11 (Kumar & Burgers, 
2013). 
In budding yeast, Mec1 has an essential role during DSB response and its 
depletion strongly sensitize cells to all the genotoxic compounds (Paciotti et 
al., 2001). Indeed Mec1 was shown to phosphorylate different repair factors 
but also to promote spindle checkpoint activation and facilitate chromatin 
mobility and reorganization (Chen et al., 2011; Dion et al., 2012; Kaye et al., 
2004). In contrast, in mammalian cells, ATM is the main checkpoint kinase 
activated only at DSB lesions whereas ATR has a prominent function during 
the replicative stress response. 
Checkpoint cascade follows and ends with the activation of the effector 
kinases Rad53 and Chk1. For this purpose, cells recruit the checkpoint adaptor 
Rad9 near DSB to facilitate the following binding of the effector kinases. Rad9 
focal recruitment is promoted by the interactions with phosphorylated histone 
H2A (γH2A), Dpb11 (through the CDK1-dependent phosphorylation on Rad9 
Serine 462 and Threonine 474) and the constitutive interaction with 
methylated Lysine 27 of histone H3 (Giannattasio et al., 2005; Granata et al., 
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2010; Hammet et al., 2007; Pfander & Diffley, 2011; Wysocki et al., 2005) 
(see Figure 6).  
 
 
 
 
 
Figure 6: map of domains and motives of budding yeast Rad9 protein. 
 
 
In mammals, 53BP1, the functional orthologue of Rad9, is recruited through 
the interaction with other complex chromatin modifications, besides its 
interaction with TOPBP1 and γH2AX (Baldock et al., 2015; Cescutti et al.; 
2010). 53BP1 Tudor domain recognizes mono- and dimethylated H4K20 
whereas the UDR motif (Ubiquitylated-Dependent Recognition) recognizes 
ubiquitylated H2AK13 and H2AK15 (Botuyan et al., 2006; Fradet-Turcotte et 
al., 2013; Huyen et al., 2004) (see Figure 7).  
 
 
 
 
 
CAD SCD TUDOR BRCTa BRCTb 
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Figure 7: map of domains and motives of 53BP1 protein (Panier & Boulton, 
2014). 
 
 
Moreover, both Rad9 and 53BP1 have a cluster of SQ/TQ motifs on the central 
and the N-terminal region of the protein respectively (see Figure 6 and 7). 
Indeed, after DNA damage, Rad9 and 53BP1 are highly phosphorylated by 
Mec1 and ATM respectively and these modifications are essential for their 
checkpoint signaling and repair functions  (DiTullio et al., 2002; Schwartz et 
al., 2000; Silverman et al., 2004; Sweeney et al., 2005) . In yeast, Rad53 FHA 
(Fork-Head Associated) domains recognize Rad9 phosphorylated SQ/TQ 
residues whereas Chk1 interacts with the CAD (Chk1 Activated Domain) 
domain on the Rad9 N-terminal part of the protein (Conde et al., 2009; Sun et 
al., 1998).  
Rad53 and Chk1 recruitment achieved through the interaction with Rad9 is 
essential for their activation. Rad53 in particular, once bound to Rad9, is trans-
phosphorylated by Mec1 and, in this partial active state, different Rad53 
molecules undergo multiple auto-trans-phosphorylation events that determine 
the latter separation from Rad9 platform and full kinase activation (Pellicioli 
& Foiani, 2005). Various Rad53 targets have been identified in the past and 
many of them are repair factors like Exo1 and Rad9 themselves (Morin et al., 
2008; Usui et al., 2009). In addition to that, the Chk1 kinase amplifies 
checkpoint signaling and impairs cell cycle progression into mitosis inhibiting 
cohesion degradation and therefore aberrant chromosome segregation (Wang 
et al., 2001). 
As already anticipated above, checkpoint kinases also phosphorylate various 
repair factors besides controlling cell cycle arrest. Another essential 
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checkpoint factor that determine DNA damage repair is the adaptor 
Rad9/53BP1.  
In the past, its ability to accumulate near DNA lesions and to form stable 
oligomers has been proposed to inhibit the resection process as in Rad9-
depleted cells, resection speed is 2.5 fold higher compared to wild type cells 
(Lazzaro et al., 2008). How Rad9 limits the accumulation of ssDNA at DSB 
is still unclear even though the most probable explanation would be that it 
physically inhibits the nucleases during the resection process (Ferrari et al., 
2015; Lazzaro et al., 2008). In agreement with this, inactivation of Rad53 and 
Chk1 kinases does not cause the same phenotype as rad9 mutations, 
suggesting that Rad9 plays a checkpoint signaling independent function. 
This role was latter observed also in mammalian cells where 53BP1 recruits 
RIF1, RAP80 and PTIP (see Figure 8) at DSB and together they limit RPA 
and RAD51 foci formation, two clear markers of resected DSB (Feng et al, 
2013; Zimmermann et al., 2013). As resection is the molecular switch between 
HR and NHEJ, 53BP1 is considered the main factor determining the balancing 
between these two repair pathways (Ramnarain et al., 2014). 53BP1-
dependent NHEJ is indeed physiologically essential for the VDJ process 
during the immune system diversification, as 53bp1-/- mice show severe 
adaptive immune response defects (Morales et al., 2003). 
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Figure 8: 53BP1 recognition of modified histones influences repair pathway 
choice (Panier & Boulton, 2014). 
 
 
 If on one end 53BP1 favors the classical NHEJ of DSB, BRCA1 favors the 
homology-directed repair through the interaction and stimulation with distinct 
factors (Densham et al., 2016; Yun & Hiom, 2009). Indeed, BRCA1 occupies 
in a mutually exclusive manner with 53BP1 DNA repair foci and is believed 
to stimulate resection start preventing NHEJ (Chapman et al., 2012; Feng et 
al., 2015) (see Figure 9). From a molecular point of view, BRCA1 interacts, 
among the others, with CtIP and stimulates its activity as resection promoting 
factor (Cruz-García et al., 2014; Yun & Hiom, 2009). Consistent with a 
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positive function in the HR repair, BRCA1 mutations predispose to breast 
cancer and interestingly 53BP1 depletion alleviates cellular proliferation and 
DNA damage hypersensitivity of Brca1-null cells (Bouwman et al., 2010; 
Bunting et al., 2010; Jaspers et al., 2012). In according with this, early 
embryonic lethality occurring in Brca1-null mice can be surprisingly 
suppressed by 53BP1 knock-out (Cao et al., 2009). 
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Figure 9: a schematic view of 53BP1 and BRCA1-mediated competition 
between HR and NHEJ repair pathways (Aly & Ganesan, 2011). 
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Checkpoint inactivation and cell cycle restart: 
adaptation and recovery 
The main purpose of DNA damage checkpoint is the delay or arrest of the cell 
cycle in order to have more time to repair DNA lesions. Once lesions are 
repaired, checkpoint must be switched off to progress with cell cycle and to 
proliferate. This process of checkpoint inactivation after the damage is 
repaired, is usually termed checkpoint recovery (Bartek & Lukas, 2007).  
Early studies reported that a significant yeast population normally has the 
ability to terminate checkpoint signaling, still in presence of unrepaired DNA 
lesions through a process called checkpoint adaptation (Lee et al., 1998; 
Moore & Haber, 1996; Sandell & Zakian, 1993). As the deletion of various 
genes impairs checkpoint recovery and/or adaptation in yeast, it is now clear 
that these two are active and genetically controlled processes.  
Even though it is widely accepted that checkpoint inactivation requires the 
prior dephosphorylation and inactivation of the Rad53 kinase, how exactly this 
happens at the molecular level is not completely clear. During these processes, 
all the phosphorylation events that sustain checkpoint activation must be 
removed to interrupt the checkpoint signaling.  
If the process of checkpoint recovery after repair of DNA lesions is rational, 
the biological significance of the checkpoint adaptation process is still under 
investigation. In budding yeast, the adaptation process with the progression 
into the following cell cycle can be considered as a last chance of cellular 
survival (Sandell & Zakian, 1993).  
Even though adaptation was originally proposed to be orchestrated by the 
Cdc5 (orthologue of the human PLK1) and CKII kinases (Toczyski et al., 
1997), over the years many proteins have been shown to collaborate in this 
process including factors like phosphatases and others involved in DNA 
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damage repair, chromatin remodeling and autophagy (Clerici et al., 2006; 
Dotiwala et al., 2013; Eapen et al., 2012; Lee et al., 1998, 2003). 
Recently Dr. Smolka’s laboratory identified a novel regulator of checkpoint 
recovery after replication stress in Saccharomyces cerevisiae. Authors 
reported a previously undescribed interaction between Slx4 and Dpb11 
checkpoint factor mediated by the CDK1-dependent phosphorylation on Slx4 
Serine 486 (Gritenaite et al., 2014; Ohouo et al., 2013). Multisequence 
alignment later identified the Threonine 1260 on hSLX4 as docking site for 
the interaction with hTOPBP1 (Gritenaite et al., 2014). In yeast, Slx4-Dpb11 
interaction was proposed to compete with Dpb11-Rad9 interaction thus 
limiting the intensity of checkpoint signaling (see Figure 6). Cells lacking Slx4 
show a Rad9-dependent checkpoint hyperactivation, which increase cellular 
sensitivity to replicative stress agents and impairs the recovery from the 
checkpoint arrest.  Slx4-Dpb11 interaction is positively sustained by the Slx4 
binding partner Rtt107 that anchors the complex to γH2A and by Mec1, as 
deletion of Rtt107 or mutation of a cluster of SQ/TQ sites in Slx4 phenocopies 
checkpoint hyperactivation reported in slx4 mutant cells (Ohouo et al., 2013; 
Ohouo et al., 2010) (see Figure 10). 
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Figure 10: a competition-based mechanism between Slx4 and Rad9 
determines Rad53 activation in Saccharomyces cerevisiae (Cussiol et al., 
2015). 
 
 
Recently, we observed that the Slx4-Rtt107 complex, through the regulation 
of Rad9 accumulation near DSB, regulates Rad53 signaling and the process 
of checkpoint adaptation (see the manuscript session) (Cussiol et al., 2016; 
Dibitetto et al., 2016).  
Interestingly, adaptation has been observed also in higher eukaryotes 
supporting an important biological mean for this process. Recently, a study 
reported that a small population of U2OS cancer cells previously exposed to 
Ionizing Radiation and arrested in the G2 phase could progress to the 
following cell cycle with visible γH2AX foci, a clear marker of unrepaired 
DNA lesions (Syljuåsen et al., 2006). This observation may provide a 
molecular explanation of how cancer cells escape to the checkpoint arrest 
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preceding the onset of different genomic abnormalities and loss of genetic 
information. 
 
 
Slx4 in genome stability maintenance 
Synthetic Lethal of unknown function 4 (Slx4) was identified in a screening 
from Stephen Brill’s group searching for genes synthetic lethal with the Sgs1 
helicase in budding yeast (Mullen et al., 2001). Joint molecules and HJ can be 
repaired either through dissolution or resolution enzymatic reaction. As 
previously discussed, Sgs1 is the catalytic subunit of the dissolvasome 
complex (together with Top3 and Rmi1), and sgs1∆ cells accumulate several 
DNA structures especially after exposure to replicative stress compounds such 
as MMS. 
Based on the rational of the screening, Slx4 and the other genes found are 
essential during joint molecule and HJ resolution, as accumulation of 
undissolved or unresolved DNA structures impairs cellular proliferation and 
causes cell death. SLX genes are associated in three distinct protein complexes 
and some of them exhibit strong nuclease activity based on in vitro 
characterization (Bastin-Shanower et al., 2003; Fricke & Brill, 2003).  
Slx4 is stably associated with Slx1, a nuclease with a clear 5’-flap 
endonuclease activity in vitro (Fricke & Brill, 2003). Slx4 is essential for Slx1 
activity during rDNA replication, where the complex nature of DNA template 
causes frequent fork collapse recovered by homologous recombination events. 
A recent study suggested that Slx4 competes with Slx1 homodimerization, a 
condition that normally inhibits Slx1 endonuclease activity (Yin et al., 2016). 
Another component of the Slx4-Slx1 complex is Rtt107/Esc4. Rtt107 is a gene 
originally identified as a Ty1 element mobility regulator with no clear 
conservation across the evolution (Scholes et al., 2001). Rtt107 is essential for 
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replication stress recovery and during the deposition of cohesins on the newly 
replicating sister chromatids (Leung et al., 2011; Ohouo et al., 2010; Roberts 
et al., 2005; Ullal et al., 2011). Its functions are promoted by various Mec1-
dependent phosphorylation events on the C-terminal region in a Slx4 
dependent manner, suggesting the possibility that Slx4 regulates Rtt107 
localization and/or its association with the chromatin (Roberts et al., 2005).  
In addition, Rtt107 seems to facilitate Slx4 localization during replication 
stress, as deletion of RTT107 abolishes Slx4-Dpb11 interaction and Slx4 
localization at DSBs lesions (Dibitetto et al., 2016; Ohouo et al., 2010).  
Slx4 constitutively interacts with the Rad1-Rad10 heterodimer in a protein 
pool that is different from the one in complex with Slx1 and Rtt107 (Flott et 
al., 2007). Slx4 association with Rad1-Rad10 is relevant in the context of the 
SSA mode of repair as already discussed in a previous paragraph but not in 
the context of replication stress recovery (Flott et al., 2007; Toth et al., 2010). 
Many of the Slx4 interactors that were originally found in budding yeast, were 
later found in a large proteomic study done in human cells (Svendsen et al., 
2009). However, across the evolution mammalian SLX4 acquired other 
interactions that are essential for genome integrity maintenance, as it will be 
discussed in more details in the following paragraph. 
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Fanconi Anemia pathway  
Fanconi anemia (FA) is a rare heterogeneous genetic disorder characterized 
by chromosome instability caused by germline biallelic mutations in genes of 
20   different complementation groups (A-V) (reviewed in Kottemann & 
Smogorzewska, 2013; Michl et al., 2016; Walden & Deans, 2014). Patients 
develop various abnormalities like microcephaly, sarcopenia, immune system 
deficiency, congenital abnormalities and infertility. Although the clinical 
picture is usually complex and variegated, all FA patients are characterized by 
bone marrow failure and susceptibility to acute myeloid leukemia.  At the 
cellular level, cells from FA patients are highly sensitive to agents that cause 
complex deleterious, interstrand crosslinks lesions (ICLs), such as Mytomicin 
C, Cisplatin and aldehyde derivatives (see these reviews Kottemann & 
Smogorzewska, 2013; Michl et al., 2016; Walden & Deans, 2014).  
The high incidence and the early onset of cancer in FA patients highlights the 
importance of Fanconi Anemia pathway in chromosome stability maintenance 
and tumor suppression. Indeed, whereas mutations in upstream FA genes 
result in acute myeloid leukemia, heterozygous mutations in genes involved 
in the HR step of ICL repair predispose also to solid tumors (breast and ovarian 
cancer are the most frequent). 
The precise molecular cause driving bone marrow failure in FA patients is far 
from being clear and recent studies proposed an interesting correlation 
between early aging and the global exhaustion of hematopoietic stem cells 
population in these individuals (Brosh et al., 2016). Other recent works 
explored a global change in epigenetic marks as an important source of 
genome instability in FA patients (Belo et al., 2015; Brosh et al., 2016). 
Even if it is wide accepted that FA pathway acts primarily in the processing 
of ICLs lesions, many factors have been reported to exhibit also other 
functions. FANCD2 and FANCP (SLX4), for example, have been both 
 State of the Art
  
 
34 
 
observed to mark slowly replicating genomic sites forming microscopy visible 
foci during late anaphase (Pedersen et al., 2015). Various reports have also 
described these same proteins to localize at telomeres in ALT cells, where 
telomere homeostasis is achieved through an alternative Homologous 
Recombination process (Sarkar et al., 2015; Wan et al., 2013; Wilson et al., 
2013). Finally, R-loops-dependent replication inhibition triggers a robust 
activation of the FA pathway (García-Rubio et al., 2015). 
The current model describing the FA pathway functioning in ICL repair 
consists of various steps each involving different proteins with specialized 
enzymatic activity (see Figure 11).  
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Figure 11: A schematic illustration of the Fanconi Anemia pathway in the 
repair of ICL lesions (Michl et al., 2016). 
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Lesion recognition 
The main risk for ICL lesions occurs when replication fork encounters the 
inter-strand block. This modification impairs replicative helicases to unwind 
double helix allowing progression of replication. Therefore, replication forks, 
after approaching to the lesion site, pause at a distance of approximately 20 to 
40 bp from the ICL, based on in vitro studies (Klein et al., 2014). Here 
replisome is dismantled and specific sensors, FANCM and FAAP24, 
recognize ICLs. These two factors recruit near ICL lesions the FA core 
complex and trigger the ATR/CHK1 checkpoint-dependent activation (Collis 
et al., 2008; Kim et al., 2008). 
The FA core complex is composed by 14 different proteins (FANCA, 
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, FANCT, 
FAAP100, MHF1, MHF2, FAAP20 and FAAP24) ( reviewed in Walden & 
Deans, 2014) and its recruitment on the chromatin triggers downstream FA 
repair pathway activation. Once recruited, this complex exhibits a strong 
ubiquitin ligase activity, in particular through the catalytic subunits FANCT 
and FANCL, the E2 and E3 enzymes respectively (Alpi et al., 2008; Machida 
et al., 2006). FANCD2-FANCI heterodimer is the first target of the core 
complex, as monoubiquitinated FANCD2/I foci are widely accepted marker 
of ICL sites (Smogorzewska et al., 2007; Taniguchi et al., 2002). 
Ubiquitination of FANCD2 is a crucial event to recruit multiple downstream 
factors and it is a clear marker of FA pathway activation. 
DNA incision 
As FA pathway uses an HR-dependent process acting during DNA replication, 
an incision reaction is required to unhook the parental and the nascent strand, 
allowing the restoration of a template sequence (see below). Different 
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nucleases have been reported to be involved in the incision or unhooking step 
such as MUS81-EME1, SLX1-SLX4, XPF-ERCC4 and FAN1 (Y. Kim et al., 
2013; Klein Douwel et al., 2014; Lachaud et al., 2016), but the latter seems to 
have a prominent role in the incision step (Klein et al., 2014). Even though the 
precise molecular mode of action is currently unclear, the XPF-ERCC4 
activation requires the activation by SLX4/FANCP in a similar fashion to what 
was observed in yeast during the Single Strand Annealing mode of repair (Flott 
et al., 2007; Toth et al., 2010). A possible explanation would be that SLX4 
modifies post-translationally XPF-ERCC4, as recently SLX4 has been 
observed to exhibit a SUMO E3 ligase activity towards different substrates 
among which XPF and SLX4 itself (Guervilly et al., 2015; Ouyang et al., 
2015). Once unhooked the ICL, a DSB forms on the newly replicating strand 
whereas on the parental strand remains a short ssDNA gap in front of the 
lesion. 
Lesion bypass 
Multiple Translesion Synthesis Polymerases (TLS) work during lesion bypass 
introducing multiple mutations at the level of the ICL still present on the 
parental strand. Although different TLS polymerases have been associated 
with ICL repair (REV1 and REV3-REV7) both in yeast and in mammals, just 
recently two groups described a FA-like patient with germline mutations in 
the TLS polymerase REV7 (also known as MAD2L2) (Bluteau et al., 2016).   
Lesion Repair 
Given that ICL lesions results in fork stalling during DNA replication, the 
involvement of HR machinery for the repair is quite expected. Indeed 
inactivation of NHEJ machinery genes not only have not yet been found in FA 
patients, but depletion of NHEJ core complex does not result in ICL 
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sensitivity. Moreover, NHEJ inhibition alleviates genome instability and 
chromosomal aberrations induced by ICL in several FA patient cells (see 
below). 
By contrast, many genes involved in homology-directed repair work in 
protection of nucleolytic degradation of stalled fork and nascent strand 
(Schlacher et al., 2012). Some of these genes (e.g. RAD51C/FANCR, 
BRCA1/FANCS, BRCA2/FANCD1 and PALP2/FANCN) have monoallelic 
or biallelic mutations with a significant frequency in the FA disease scenario. 
The proficient activation of FANCD2 by the core complex is normal in these 
FA patient cells and excludes any role in the apical branch of the FA pathway.  
The BRCA2-PALB2 complex works loading and stabilizing RAD51 on the 
ssDNA stretches on the broken end and for this reason, patients with mutations 
in these genes, develop the most dramatic phenotypes (Howlett et al., 2002; 
Xia et al., 2007). This not only serves during the latter strand invasion process 
but also protects replication fork from extensive nucleolytic degradation that 
would threaten the stability of the genome. A nice example of such a function 
is in a recent work where a FA-like patient with a negative dominant mutation 
in the RAD51 gene that causes nascent strand degradation by DNA2 and WRN 
is described (Wang et al., 2015). Interestingly, cells from this patient are 
extremely sensitive to ICLs but still proficient in classical homology-directed 
repair (e.g. during IR repair or in GFP-reporter HR assays), suggesting that 
RAD51 is a multifunctional element in the FA pathway (Wang et al., 2015).  
Further evidences that extensive DNA resection may be a detrimental event 
during ICL repair is given by the restored ICL sensitivity of FANCD2-/- cells 
upon DNA2 inactivation (Karanja et al., 2014). This suggests that FANCD2 
might protect end degradation by CtIP-MRE11 dependent resection. 
If on one hand extensive resection is believed to be a major cause of genomic 
aberrations, on the other it is necessary to channel broken ends into HR 
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preventing the NHEJ mode of repair in S phase. In agreement with this, 
FANCD2 has been recently shown to recruit TIP60, a histone acetylase that 
modifies lysine 16 of the histone H4 (Renaud et al., 2016). This is known to 
counteract 53BP1 recognition of histone H4K20me2, one of the main 
modification that recruits 53BP1 near damaged chromatin (Hsiao & Mizzen, 
2008; Tang et al., 2013) (see Figure 8). This event has been proposed to limit 
53BP1-RIF1 accumulation, favoring the resection process and therefore is of 
pivotal importance for opposing NHEJ-dependent repair of broken ends. In 
line with this idea, inactivation of NHEJ either through KU70 downregulation 
or through the chemical inactivation of DNA-PKcs, partially restores crosslink 
sensitivity of FANCA and FANCD2 human cells and Fanca and Fancc MEFs 
(Adamo et al., 2010; Sivasubramaniam & Patel, 2010).   
Moreover FANCD2 was also shown to physically interact with CtIP 
stimulating its resection activity thereby inhibiting the NHEJ process (Unno 
et al., 2014). 
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SLX4/FANCP in the FA pathway and in protecting genome integrity 
A few years ago, two reports described new patients with all the characteristics 
of FA patients at the molecular level (chromosomal instability and ICL 
sensitivity), carrying previously undescribed mutations in the SLX4 gene. In 
one case, the individual, EUFA-1354, had a homozygous 1-bp deletion that 
generates a frameshift and a premature stop codon in the N-terminal region of 
the protein (Stoepker et al., 2011). In another case, a FA patient (RA-3331 
cells) carried two different allelic mutations that result both in frameshifts with 
premature stop codon at aminoacid 172 and 672 respectively (Y. Kim et al., 
2011). These cells are hypersensitive to MMC treatment, as observed also in 
EUFA-1354 patient, but displayed normal FANCD2 ubiquitination. 
Moreover, the hypersensitivity to different genotoxic compounds (such as 
CPT) and its well-characterized function in lower eukaryotes strongly 
suggested that SLX4 collaborates in the HR repair pathway also in human 
cells.  
FA disease-like phenotype was also observed in mice Btbd12-/-, the murine 
homolog of human SLX4 (Crossan et al., 2011). These mice display 
abnormalities in the shape of central neural system, alterations in proliferation 
of hematopoietic progenitor cells and defective spermatogenesis. From a 
cellular point of view, MEFs isolated from these mice were hypersensitive to 
MMC and CPT and show a large number of broken and radial chromosomes 
after treatment with these compounds (Crossan et al., 2011). 
Mammalian SLX4 acquired throughout the evolution new interactions with 
MUS81, MSH2-MSH3 mismatch repair proteins, PLK1 and TRF2 (Svendsen 
et al., 2009) (see also Figure 12). The interacting regions with XPF-ERCC1 
(Rad1-Rad10) and SLX1 (Slx1) are strongly conserved between yeast and 
human and are located in the N and C terminal region of the protein 
respectively (Figure 12). In lower eukaryotes, the interactions with Mus81 and 
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Cdc5 (hPLK1), which in mammalian cells are constitutive, seem apparently 
not direct but mediated by the formation of a bigger complex with Dpb11 
(Gritenaite et al., 2014). 
 
 
 
 
 
Figure 12: Alignment of Slx4 domains and interactors across the evolution 
(Y. Kim, 2013). 
 
 
It is interesting to note that since now XPF is the only nucleolytic enzyme 
whose inactivation predispose to FA disease even though other nucleases like 
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MUS81 and SLX1 contribute in homology-directed repair (Fekairi et al., 
2009; Muñoz et al., 2009; Svendsen et al., 2009). The fact that XPF is the only 
gene of the SLX4 complex to be clearly involved in the FA disease can be 
explained by its prevalent function in the unhooking process (see above) 
(Klein et al., 2014). For this reason, more efforts are required to uncover novel 
genes involved in FA pathway. 
The association of SLX4 with SLX1 and MUS81 becomes particularly 
relevant in the context of replication restart or rDNA locus replication. SLX4-
mediated cleavage of collapsed forks prevents the formation of HJ-like 
structures between palindromic sequences in regions highly repeated (Fekairi 
et al., 2009). Besides that, the SLX4 scaffold cleaves a wide range of cruciform 
structures deriving from the recombination-dependent replication restart. This 
is an agreement with a previous report where the highest level of SLX4 mRNA 
has been found in mice testis and oocytes (Su et al., 2002), likely suggesting 
a SLX4 essential role during meiotic crossing-over. 
How SLX4 is regulated during DNA damage response and eventually how its 
action is coordinated with other FA components is not known. A recent study 
reported that SLX4 recruitment to damaged sites depends on the two UBZ 
domains present in the N-terminal region of the protein suggesting that its 
localization may depend on the ubiquitin pathway (Lachaud et al., 2014). 
None of the E3 ubiquitin-ligases BRCA1, RNF8, RNF168 nor ubiquitylated 
FANCD2 are required to recruit SLX4 at these sites (Lachaud et al., 2014), 
even though FANCD2 was previously shown to physically interact with SLX4 
(Yamamoto et al., 2011).  
Over the last years, many groups described SLX4 as an essential platform for 
telomeric DNA methabolism (Sarkar et al., 2015; Wan et al., 2013; Wilson et 
al., 2013). Telomeres are highly dynamic elements with repeated sequences 
where normal processes of replication and recombination often create specific 
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structures. In particular, SLX4 contribution in these processes is exacerbated 
in ALT cells, where telomere elongation is achieved through recombination 
events on the repeated sequences of other chromosomes. Here SLX4 is a 
scaffold for SLX1, XPF and MUS81 for the cleavage of replication, 
recombination intermediates and T-loops. As previously discussed, SLX4 
physically interacts with TRF2 and this interaction enables SLX4 localization 
to long telomeres. Loss of SLX4 causes a wide aberrations of telomeric 
elements such as overlengthening, partial non replication and others (Sarkar 
et al., 2015; Wan et al., 2013; Wilson et al., 2013). In agreement with these 
data in humans, we recently found that Slx4 in budding yeast participates in 
checkpoint silencing regulation at uncapped telomeres, favoring cellular 
proliferation and avoiding permanent cell cycle arrest (Dibitetto et al., 2016). 
As discussed in the previous paragraph, FA patients develop solid tumors 
earlier and with a high incidence. Over the last years, various groups 
sequenced large cohorts of patients with breast tumors, with no mutations in 
the BRCA1/2 genes, to find a possible correlation between SLX4 mutations 
and breast cancer predisposition (Catucci et al., 2012; Shah et al., 2013). Out 
of almost 2000 patients from different countries, besides the multiple missense 
mutations, only two truncations in the SLX4 gene were found and this raised 
the possibility that SLX4 may not be a breast cancer suppressor gene as 
BRCA1/2 and PALB2 (Catucci et al., 2012; Shah et al., 2013). A possible 
hypothesis could be that SLX4 may become essential as a tumor suppressor in 
those cells with other mutations in checkpoint or DNA repair enzymes, as we 
recently suggested in yeast Slx4 functioning (Dibitetto et al., 2016). 
 Aims of the Project 
44 
 
Aims of the Project 
 
In this thesis, I’m presenting work related to different projects but all 
characterized to a deeper cohomprension of Rad9/53BP1 functions and 
regulation. 
 
Aim 1: To characterize the regulation of Rad9 dynamics at DSB lesions 
through the study of Slx4-Rtt107 complex functioning 
 
At DSB, homology-directed repair is achieved after the creation of ssDNA 
stretches generated by the resection process. In parallel, ssDNA accumulation 
triggers the DNA damage checkpoint that in turns avoids the arise of 
chromosomal aberrations arresting the progression through the cell cycle. 
Besides that, DDC supports resection making chromatin more accessible for 
repair enzymes and modifying their affinity for repair intermediates. 
Different redundant enzymes participate in the resection process among which 
the most important are Sae2-MRX complex, Exo1 and Sgs1-Dna2. This 
process is counteracted by the physical interaction of the checkpoint adaptor 
Rad9/53BP1 with modified histones and the checkpoint platform 
Dpb11/TOPBP1. Rad9 is the central transducer of DDC and promotes the full 
activation of effector kinases Rad53 and Chk1. 
Rad9-dependent checkpoint signaling during replicative stress has been 
recently shown to be counteracted by Slx4, through a competition-based 
mechanism that inhibits Rad9-Dpb11 interaction.  In brief, upon MMS 
treatment, Professor Smolka and his group proposed that Slx4 and Rtt107 
compete with Rad9 for the interaction with γH2A and Dpb11 respectively. 
Cells lacking a functional Slx4-Rtt107 show a stronger Rad9-Dpb11 
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interaction and thus a more intense checkpoint signaling. This ultimately 
impairs checkpoint recovery after DNA damage and cellular proliferation. 
Our specific aim was to investigate a positive role of the Slx4-Rtt107 complex 
in checkpoint regulation and 5’-3’ resection at double strand breaks rather than 
only during replication stress. 
 
Aim 2: To characterize Dpb11/TOPBP1 contribution in the recruitment 
of the anti-recombination factor Rad9/53BP1 
 
Homologous recombination is an essential pathway to repair DSB and restart 
replication after fork collapse. Depending on the cell cycle phase, homology-
directed repair is counteracted by NHEJ enzymes whose mode of action is the 
immediate ligation of broken ends. Resection, the 5’ strand degradation of 
DSB ends, is the molecular switch between HR and NHEJ and Rad9/53BP1 
is a key regulator of this balancing. Others and we previously proposed both 
in yeast and in mammals that Rad9/53BP1 accumulation around DSB lesions 
facilitates the unfaithful NHEJ repair pathway preventing the resection 
process and thus HR. 
Rad9 has been shown to interact with Dpb11 in yeast and humans and this 
interaction is essential to amplify the DNA Damage Checkpoint signaling. In 
yeast, Slx4 has been shown to interact with Dpb11, competing with Rad9 and 
we proposed that this interaction positively supports DSB resection through 
the inhibition of the Rad9-Dpb11 complex formation. Moreover, in humans, 
53BP1-TOPBP1 interaction, which is particularly relevant in the context of 
the G1 checkpoint, is abrogated upon S-phase entry, suggesting that the 
inhibition of the TOPBP1-53BP1 interaction might favor homology-directed 
repair.  
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This body of evidences suggested a functional model where Dpb11/TOPBP1 
is a dynamic platform for the recruitment of pro- and anti-recombination factor 
with the aim of recruiting and excluding Rad9/53BP1 in a spatially and timely 
regulated manner. 
Our research aim was to investigate what is the contribution of 
Dpb11/TOPBP1 in the recruitment and stabilization of Rad9/53BP1 at DNA 
lesions in yeast and humans. Furthermore, this project was aimed to 
characterize whether an artificial stabilization of Dpb11-Rad9 interaction in 
yeast and TOPBP1-53BP1 in human cells could inhibit the resection process 
with a clear implication and interest in genome stability and the cancer 
research field. 
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Important Result & Conclusions  
 
1. Functional Interplay between the 53BP1-Ortholog Rad9 and 
the Mre11 Complex Regulates Resection, End-Tethering and 
Repair of a Double-Strand Break  
 
Matteo Ferrari1, Diego Dibitetto1, Giuseppe De Gregorio1, Vinay V. Eapen2, 
Chetan C. Rawal1, Federico Lazzaro1, Michael Tsabar2, Federica Marini1, 
James E. Haber2, Achille Pellicioli1*  
 
1 Department of Biosciences, University of Milan, Milano, Italy, 2Department of Biology and 
Rosentiel Basic Medical Sciences Research Center, Brandeis University, Waltham, 
Massachusetts, United States of America  
PLoS Genet. 2015 Jan 8; 11(1):e1004928. doi: 10.1371/journal.pgen.1004928. 
 
Synopsis of the work and specific contributions: 
In all the eukaryotes, Sae2/CtIP is a crucial factor for resection initiation and 
repair of DNA DSBs. Even though its precise mode of action is still poorly 
understood, it is now widely accepted that Sae2 primes resection activating 
the endonucleolytic MRX/MRN complex, determining the repair pathway 
choice between Homologous Recombination (HR) and Non Homologous end 
Joining (NHEJ).  
In this study, we observed a novel Rad9 checkpoint-independent function in 
inhibiting resection initiation and repair of DNA breaks, in the absence of a 
functional Sae2-MRX complex. More in details, we proposed a model where 
Rad9 protects DSB ends from extensive degradation that occurs prior to 
mutagenic repair events such as microhomology mediated end joining or 
single strand annealing (SSA), likely explaining at the molecular level how 
Rad9 determines DSB repair pathway choice. 
In brief, we started our study from the observation that RAD9 deletion rescues 
the inability of sae2∆ cells in the SSA mode of repair (Fig.1). We also found 
that RAD9-dependent rescue of sae2∆ cells completely depends on the Sgs1-
 Important Results and Conclusions 
 
48 
 
Dna2 pathway but not on the Exo1, suggesting that Rad9 resection-barrier 
specifically inhibits the Sgs1-Dna2 branch. 
To further proof these results, we took advantage of a genetic system where 
we could carefully measure resection by a quantitative Real Time PCR-based 
approach. RAD9 deletion significantly increases resection initiation at DSB 
ends in sae2∆ cells in a Sgs1-dependent manner, reinforcing previous results 
obtained by viability assays and Southern blotting (Figure 1 and 2 
respectively). On this line, we investigated whether RAD9 deletion might 
rescue the MRX persistence near broken ends and affect the loading of a pro-
recombinogenic factor such as Rad52. Surprisingly, we found that RAD9 
deletion significantly accelerates Mre11 removal and Rad52 foci formation in 
sae2∆ cells, facilitating HR and promoting DSB repair. 
Finally, by introducing different Rad9 mutations in sae2∆ cells, we aimed to 
characterize which are the factors that recruit Rad9 near broken ends to inhibit 
resection initiation.  
Finally, we substituted to Alanine different Rad9 residues and we replaced 
Rad9 mutated alleles to see which are the minimal interactions essential to 
inhibit DSB repair in sae2∆ cells. Substitution of two residues (Serine 462 and 
Threonine 474) to Alanine that specifically abrogate Rad9-Dpb11 interaction 
dramatically reduced Rad9 recruitment to DSB by ChIP analysis and thus 
efficiently rescued SSA repair in sae2∆ cells. In contrast, impaired Rad9 
interaction with modified histones H3 and γH2A did not or only mildly 
decreased Rad9 binding to DSB lesions suggesting that the major pathway that 
recruits Rad9 in sae2∆ cells is the Dpb11 checkpoint platform. 
As previously discussed, Rad9 resection-inhibition function is highly 
conserved with its mammalian orthologue 53BP1. Many groups reported that 
53BP1 depletion increases RAD51 and RPA foci formation decreasing the 
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efficiency of NHEJ repair. More recently, a paper reported that 53BP1 
downregulation, increasing resection  
speed, predispose cells to mutagenic SSA repair events increasing short and  
extensive genomic deletions. Taking this body of evidence in consideration, 
we think our report will certainly contribute to better understand how exactly 
53BP1 protects genome integrity at the molecular level. In the future, it will 
certainly be interesting to investigate whether a BLM (human Sgs1 
orthologue) mediated resection is essential for MRE11 removal and resection 
initiation in 53BP1 depleted cells. 
In this study, I contributed to generate several mutant strains used throughout 
the work. I also performed cellular viability assays shown in Figure 1 and 5, 
together with the Rad9 Chromatin Immunoprecipitation shown in Figure 5. 
Moreover, I participated to the general discussion of all the obtained results 
and to the manuscript preparation.  
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2. Slx4 and Rtt107 control checkpoint signaling and DNA 
resection at double-strand breaks  
 
Diego Dibitetto1†, Matteo Ferrari1†, Chetan C. Rawal1†, Attila Balint2,3, 
TaeHyung Kim3,4, Zhaolei Zhang3,4, Marcus B. Smolka5, Grant W. Brown2,3, 
Federica Marini1 and Achille Pellicioli1*  
 
1Department of Biosciences, University of Milan, 20133, Milano, Italy, 2Department of 
Biochemistry, University of Toronto, Toronto, Ontario, M5S3E1, Canada, 3Donnelly Centre, 
University of Toronto, Toronto, Ontario, M5S3E1, Canada, 4Department of Computer 
Science, University of Toronto, Toronto, Ontario, M5S3E1, Canada and 5Department of 
Molecular Biology and Genetics, Weill Institute for Cell and Molecular Biology, Cornell 
University, Ithaca, NY 14853, USA  
Nucleic Acids Res. 2016 Jan 29 44(2): 669-82. doi: 10.1093/nar/gkv1080 
†These authors contributed equally to the work as first authors.  
 
Synopsis of the work and specific contributions: 
The Slx4-Rtt107 complex is a crucial component for the maintenance of 
genome stability as a scaffold for structure specific endonucleases during 
Holliday junction resolution and cleavage of collapsed forks. 
More recently, Slx4 together with Rtt107 has been shown to biochemically 
compete with Rad9 for its binding partner Dpb11, dampening the Rad53 
checkpoint signaling during replication stress. 
In this study, we expanded previous findings observing a Slx4 function in 
inhibiting Rad9-Dpb11 association also at DSBs, controlling both the 
checkpoint signaling and, more importantly, the Rad9 resection barrier. 
As first, we used a system where we could conditionally induce a single and 
irreparable DSB on Chr III, the JKM139 genetic yeast background. In this 
system, we observed that slx4∆ and rtt107∆ cells show a more robust and 
prolonged Rad53 phosphorylation compared to control cells if assayed by 
Western blot technique with specific antibodies against the protein. This 
impaired the resumption of the cell cycle through the adaptation process 
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scored by a micro-colony formation assay. Importantly, a single Slx4 point 
mutation, Serine 486 to Alanine, which abrogates Slx4-Dpb11 interaction 
completely phenocopied SLX4 deletion in terms of checkpoint signaling and 
microcolony formation. According to our model, where Slx4-Rtt107 functions 
at DSB are a functional competition with Rad9, RAD9 deletion rescued 
microcolony formation defects of slx4∆, rtt107∆ and slx4-S486A cells. 
This suggested that Slx4 functions at DSBs essentially depend upon Dpb11 
interaction. In agreement with this, Slx4 binding analyzed through ChIP 
analysis depends upon Rtt107 and Dpb11 interaction as in rtt107∆ cells or in 
cells expressing a slx4-S486A allele, Slx4 binding is almost abolished near 
DSB. In these same regions (5 kb from DSB ends) we found by ChIP that 
Rad9 accumulates more intensively in slx4∆, rtt107∆ and slx4-S486A cells 
providing for the first time evidences of an in vivo competition between the 
Slx4-Rtt107 complex and Rad9 for DSB lesions. We expanded these results 
involving Professor Grant W. Brown (University of Toronto, CA) who 
performed Rad9 ChIP-Seq analysis all along the chromosome III in control 
cells and slx4∆. 
According to our functional model, Slx4-Rtt107 depleted cells show a 
significant reduction in ssDNA accumulation at distal but not proximal regions 
from broken ends, suggesting that Rad9 inhibition is a dynamic process 
occurring as resection is ongoing. As earlier discussed, RAD9 deletion 
completely bypassed these defects, suggesting that the main function of the 
Slx4-Rtt107 complex is the exclusion of Rad9 from DSB.  
In second part of the work, we explored a possible genetic interaction between 
Slx4 and Sae2, a protein that we previously show to work on resection 
initiation. Combined deletion of SAE2 and SLX4 results in a severe synergistic 
reduction in ssDNA exposure at proximal and distal regions. This dramatic 
decrease in resection speed resulted in a severe DSB repair defect measured 
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by a typical ectopic gene conversion system assayed with viability tests and 
Southern blotting techniques.  
Our molecular data explained the dramatic sensitivity of sae2∆ slx4∆, slx4∆ 
rtt107∆ and slx4∆ slx4-S486A to genotoxic stress induced by MMS and 
Camptothecin. Importantly RAD9 deletion suppressed the genotoxic 
sensitivity of these double mutants.  
This is my main PhD project, and since the first year, I worked producing 
various yeast strains that have been used in all the figures. I performed 
experiments related to checkpoint analysis in Figure 1, Slx4 ChIP analysis in 
Figure 2, Real Time resection analysis in Figure 3E-D, epistatic analysis with 
Sae2 in Figure 4, viability assays and Southern blot in Figure 5 and MMS and 
CPT sensitivity drop test on Figure 6C. Hence, I contributed to the manuscript 
preparation and revision of the manuscript. 
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3. Slx4 scaffolding in homologous recombination and 
checkpoint control: lessons from yeast  
 
José R. Cussiol 1, Diego Dibitetto2, Achille Pellicioli2 and Marcus B. Smolka1 
 
1Department of Molecular Biology and Genetics, Weill Institute for Cell and Molecular 
Biology, Cornell University, Ithaca, NY 14853, USA  
2Department of Biosciences, University of Milan, 20133, Milano, Italy  
Chromosoma (2016) doi: 10.1007/s00412-016-0600-y 
 
 
Synopsis of the work and specific contributions: 
Over the last two years we intensively collaborated with Dr. Marcus B. 
Smolka (Cornell University, Ithaca, NY) focusing on the role of Slx4 protein 
in the regulation of checkpoint signaling and resection during DSB response.  
In this paper, we reviewed data from the literature integrating recent updates 
coming from our laboratories studying a Slx4 novel function in controlling 
checkpoint signaling and resection at DSBs. Even though this review focuses 
primarily on recent updates from yeast, we discussed how these findings could 
be relevant also in the cancer research field. 
Here I contributed writing the paragraph concerning Slx4 role in the control 
of resection and checkpoint at DSB and revising the manuscript draft prior 
submission. 
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4. TOPBP1/Dpb11 controls DNA repair through the 
coordinated recruitment of 53BP1/Rad9 
 
Yi Liu 1†, José R. Cussiol 1†, Diego Dibitetto2†, Jennie Sims1, Robert Weiss3, 
Raimundo Freire4, Achille Pellicioli2 and Marcus B. Smolka1 
 
1Department of Molecular Biology and Genetics, Weill Institute for Cell and Molecular 
Biology, Cornell University, Ithaca, NY 14853, USA  
2Department of Biosciences, University of Milan, 20133, Milano, Italy  
3Department of Biomedical Sciences, Cornell University, Ithaca, NY 14853 
4Unidad de Investigaciòn, Hospital Universitario de Canarias, Instituto de Tecnologias 
Biomedicas, 38320 Tenerife, Spain  
Journal of Cell Biology Manuscript # 201607031 
 
† These authors contributed equally to the work as first authors.  
 
Synopsis of the work and specific contributions: 
 
Homologous Recombination is essential for repair of DSB lesions, replication 
restart and cancer suppression. By using different biochemical approaches, we 
investigated the role of the evolutionary conserved Dpb11/TOPBP1 in the 
control of Homologous Recombination process. Early studies in budding yeast 
unraveled a positive function uncovered by Dpb11 in the Mating Type 
Switching, an HR process used by Saccharomyces cerevisiae in the sexual 
isotype switch. Recently human TOPBP1 has been shown to facilitate RAD51 
foci formation at DSB by promoting its PLK1-mediated phosphorylation, an 
event essential for RAD51 nucleation. Based on our previous studies in yeast, 
we investigated a different role of Dpb11/TOPBP1 in coordinating the 
recruitment of anti- and pro-recombination factors at DSB lesions. 
We generated a chimeric protein fusing part of the BRCT domains of Dpb11 
with the full-length Rad9 protein, the main antagonist of resection and 
Homologous recombination processes. By ChIP analysis done in yeast, we 
observed that Dpb11-Rad9 chimera is heavily recruited near DSB lesions and 
there severely blocks resection at distal regions from DSB ends if analyzed by 
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Real Time PCR. In agreement with this, Dpb11-Rad9 chimera inhibits 
formation of RPA and Rad52 foci during replicative stress. 
In human cells, adopting a wide proteomic approach, we found that TOPBP1 
interacts with and mediates the recruitment of 53BP1 and the pro-
recombination factor BRCA1 in a mutually  exclusive manner as we 
previously saw between Rad9 and Slx4 in budding yeast. TOPBP1-BRCA1 
interaction is positively regulated by ATR phosphorylation in a similar fashion 
to what previously observed in the interaction between Dpb11 and Slx4 in 
yeast.  
Finally, similarly to what we did in budding yeast, we fused the full length 
53BP1 to a CTR sequence that mediates a constitutive interaction between 
53BP1 and TOPBP1. Cells expressing CTR-53BP1 enhanced foci formation 
of pro-NHEJ factors such as RIF1 and RAP1 during replicative stress and 
increased the formation of chromosomal aberrations such as metaphase breaks 
and radial chromosomes. Hence, in agreement with these findings, CTR-
53BP1 never colocalized with RPA and RAD51 foci. Together with these 
results, we proposed a novel TOPBP1 mode of action of how it regulates the 
balancing between NHEJ and HR repair pathways.  
I worked in this project over the last year of my PhD and I mainly contributed 
with the analysis of Dpb11-Rad9 chimera ChIP and resection analysis in 
budding yeast that are presented in Figure 1. To this aim, I generated yeast 
strains, planned and performed experiments. In more details, I obtained that 
the Dpb11-Rad9 chimera, but not a mutated chimera where the Lysine 544 
responsible for the interaction between Dpb11 and Ddc1 has been substituted 
to Alanine, binds in the early surrounding region of DSB ends. Moreover, 
resection analysis done with a Real Time PCR-based approach shows that 
Dpb11-Rad9 chimera severely block ssDNA exposure compared to wild type 
cells as resection is ongoing far away from broken ends. These experiments 
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provided evidences that the Dpb11-Rad9 chimera is functional and works 
inhibiting the resection process, likely masking the dsDNA/ssDNA junction, 
the accessible entry point for the nucleases. 
Besides that, I was also involved in experimental planning, data analysis and 
manuscript preparation and for this reason my contribution was recognized 
with a Co-first authorship.  
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Discussion and Future Perspectives 
 
Considering the various aspects and factors discussed in this thesis, I chose 
not to present a general discussion. Instead, a detailed discussion with future 
implications of the presented findings is presented in the dedicated session of 
each published and submitted manuscript.  
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